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ABSTRACT
We investigate how ram pressure of intragroup and intracluster medium can influ-
ence the spatial and temporal variations of star formation (SF) of disk galaxies with
halo masses (Mh) ranging from 10
10M⊙ to 10
12M⊙ (i.e., from dwarf irregular to Milky
Way-type) in groups and clusters with 1013 6 Mh/M⊙ 6 10
15 by using numerical
simulations with a new model for time-varying ram pressure. The long-term evolution
of SF rates and Hα morphologies corresponding to the distributions of star-forming
regions are particularly investigated for different model parameters. The principal re-
sults are as follows. Whether ram pressure can enhance or reduce SF depends on Mh
of disk galaxies and inclination angles of gas disks with respect to their orbital direc-
tions for a given orbit and a given environment. For example, SF can be moderately
enhanced in disk galaxies with Mh = 10
12M⊙ at the pericenter passages in a cluster
with Mh = 10
14M⊙ whereas it can be completely shut down (‘quenching’) for low-
mass disks with Mh = 10
10M⊙. Ram pressure can reduce the Hα-to-optical-disk-size
ratios of disks and the revel of the reduction depends onMh and orbits of disk galaxies
for a given environment. Disk galaxies under strong ram pressure show characteristic
Hα morphologies such as ring-like, one-sided, and crescent-like distributions.
Key words: galaxies: clusters : general – galaxies:ISM – galaxies:evolution –
stars:formation
1 INTRODUCTION
Galaxy evolution in groups and clusters can be significantly
influenced by environmental processes, such as tidal com-
pression of cluster gravitational fields (e.g., Byrd & Valtonen
1990), merging between group member galaxies (e.g., Ma-
mon 2001), ram pressure stripping of disk gas (e.g., Gunn &
Gott 1972), high external pressure of intracluster medium
(ICM) on galactic gas disks (e.g., Evrard 1991), multiple
high-speed galaxy encounters (e.g., Moore et al. 1994), and
stripping of galactic halo gas by ram pressure of ICM (e.g.,
Bekki 2009). One of key issues in extragalactic astronomy
is to understand the relative importance of each of these
environmental processes in galaxy evolution for different en-
vironments (See Boselli & Gavazzi 2006 for a recent review
on this). Ram pressure effect on galactic gas disk is distinct
from other environmental processes based on gravitation in-
teraction in the sense that it can influence only the cold
gaseous components of disk galaxies (i.e., it can not directly
influence the stellar components). Ram pressure of ICM,
however, can be a key process for better understanding the
⋆ E-mail: bekki@cyllene.uwa.edu.au
star formation histories (SFHs) of disk galaxies in groups
and clusters, as described throughout this paper.
Recent observational studies have shown that ram pres-
sure stripping can influence temporal and spatial variations
of star formation (SF) in disk galaxies (e.g., Koopmann &
Kenny 2004; Crowl & Kenny 2008; Cortese et al. 2012; Fos-
sati et al. 2013). For example, Koopmann & Kenny (2004)
found that spiral galaxies with truncated Hα disks show
undisturbed stellar disks in the Virgo cluster and accord-
ingly suggested that hydrodynamical interaction between
ICM and interstellar medium (ISM) is responsible for the
truncated Hα disks. Also, these observations found that
the Hα-to-optical-disk-size ratio is smaller for spiral galaxies
with higher degrees of H i-deficiency. (e.g., a negative cor-
relation between re(Hα)/re and DefHI; Fossati et al. 2013).
Given that the time evolution of global colors and chemi-
cal abundances of disk galaxy depends strongly on SFHs,
these observations suggest that understanding the roles of
ram pressure in SFHs of galaxies is important also for better
understanding galaxy evolution in general.
Although many numerical simulations investigated in
what physical conditions ISM of galaxies with different mor-
phological types can be stripped by ram pressure (e.g.,
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Abadi et al. 1999; Mori & Burkert 2000; Quilis et al. 2000;
Schultz & Struck 2001; Vollmer et al. 2001; Roediger &
Hensler 2005; Roediger & Bru¨ggen 2007; Ja´chym et al. 2007;
Kronberger et al. 2008; Tonnesen & Bryan 2012), a surpris-
ingly small number of simulations have so far investigated
how the SFHs of disk galaxies can be influenced by ram pres-
sure. Bekki & Couch (2003) demonstrated that external high
pressure of ICM on gas clouds in disk galaxies can induce
the gravitational collapse of the clouds and thus can trigger
a very efficient star formation (starburst). Kronberger et al.
(2008) showed that ram pressure of ICM can significantly
enhance (by up to a factor of 3) the mean star formation
rates in the central regions of disk galaxies, if the ICM has
a density of 10−28 g cm−3 and a temperature of 3.6 × 107
K. Mastropietro et al. (2009) investigated how ram pressure
of the Galactic halo gas can influence the distribution of
star-forming regions in the Large Magellanic Cloud (LMC).
Tonnesen & Bryan (2012) demonstrated that star formation
in galactic bulges can be slightly enhanced in disk galaxies
under moderately strong ram pressure of ICM.
Although these previous simulations clearly demon-
strated that external high pressure of ICM can possibly
enhance star formation in disk galaxies under some physi-
cal conditions, they did not investigate the long-term (more
than a few Gyr) SFHs of galaxies under ram pressure in
a systematic parameter study. Furthermore, these previous
simulations did not properly model the time evolution of the
strength of ram pressure for disk galaxies which enter into
clusters from fields. Since the strength of ram pressure de-
pends both on (i) the relative velocities between ICM and
galaxies and on (ii) the densities of ICM surrounding galax-
ies, orbital evolution of galaxies within clusters needs to be
included in simulating the long-term effects of ram pressure
on galaxies. Accordingly, it is unclear how ram pressure can
influence SFHs of galaxies when they enter into a cluster
environment and passes through its central region. A more
comprehensive systematic parameter study on the influences
of ram pressure on SFHs of galaxies is necessary.
The purpose of this paper is to investigate how ram
pressure of ICM can influence the long-term SFHs of disk
galaxies in a comprehensive manner by using numerical sim-
ulations with a proper model for time-varying ram pressure
force. We particularly investigate the following questions:
(i) whether ram pressure can enhance or reduce star for-
mation in disk galaxies, (ii) how the effects of ram pressure
on galactic SFHs depend on galaxy properties and environ-
ments, (iii) how the Hα distributions of disk galaxies under
strong ram pressure look like, (iv) how the ratios of Hα disk
sizes to optical disk ones depend on galaxy/group/cluster
masses, and (v) how ram pressure is important for better
understanding the observed properties of galaxies in groups
and clusters.
Given ongoing extensive observational studies of 2D Hα
distribution of star-forming regions in galaxies by multi-
object spectrograph on large ground-based telescopes (e.g.,
Croom et al. 2012; Brough et al. 2013), it is very timely for
the present study to predict 2D Hα distributions of star-
forming regions in disk galaxies under strong ram pressure.
These predictions will help observers to interpret the origin
of the Hα morphologies of disk galaxies in different envi-
ronments (e.g., Moss & Whittle 2000; Koopmann & Kenny
2004). Galactic SFHs in groups and clusters have been dis-
cussed in the context of gradual decline due to halo gas strip-
ping (‘strangulation’; Larson et al. 2002; Balogh et al. 2000;
Bekki et al. 2001, 2002; Shioya et al. 2004). Ram pressure
stripping of disk gas can cause sudden and rapid removal
of gas and thus can have more dramatic effects on SFHs of
galaxies in comparison with the strangulation mechanism.
The plan of the paper is as follows: In the next section,
we describe our new model for time-dependent ram pres-
sure force on disk galaxies in clusters. In §3, we present the
numerical results on the long-term SFHs and spatial dis-
tributions of SF regions in disk galaxies under strong ram
pressure. In this section, we also discuss the dependences of
the results on the adopted model parameters. In §4, we dis-
cuss the possibly important implications of the simulations
results. We summarize our conclusions in §5.
2 THE MODEL
A disk galaxy is assumed to move in a cluster with a total
halo mass Mh and therefore be influenced by ram pressure
of the ICM. The ram pressure force on the disk galaxy is cal-
culated according to the position and velocity of the galaxy
with respect to the cluster center. The tidal field of the clus-
ter and tidal interaction with other cluster member galaxies
are not included in the present study so that ram pressure
effects on galactic SFHs can be more clearly investigated.
Other key environmental effects on galaxies (e.g., slow and
fast tidal encounters) will be investigated in our forthcoming
papers. We focus exclusively on how SFHs of disk galaxies
under strong ram pressure of ICM depend on galaxy prop-
erties and environments.
In order to simulate the time evolution of SFRs and
gas contents in disk galaxies under ram pressure of ICM,
we use our original chemodynamical simulation code that
can be run on GPU machines (Bekki 2013). The code is
a revised version of our original GRAPE-SPH code (Bekki
2009) which combines the method of smoothed particle hy-
drodynamics (SPH) with GRAPE for calculations of three-
dimensional self-gravitating fluids in astrophysics. This code
enable us to investigate the formation and evolution of dust
and molecular hydrogen (H2) in disk galaxies (Bekki 2013),
though it is numerically costly to calculate H2 formation and
evolution (i.e., it requires much longer CPU time in compar-
ison with our simulations with no H2 calculation). Since our
main interest is the time evolution of SFRs in galaxies (not
the evolution of dust and H2 contents), we do not incorpo-
rate H2 calculations into the present simulation.
2.1 A disk galaxy
A disk galaxy is composed of dark matter halo, stellar disk,
stellar bulge, and gaseous disk, as is assumed in other nu-
merical simulations of ram pressure stripping (e.g., Abadi
et al 1999; Ja´chym et al. 2007). Our previous study (Bekki
2009) investigated already the ram pressure stripping of halo
gas in disk galaxies within groups and clusters of galaxies.
We therefore do not investigate the ram pressure stripping of
halo gas by modeling halo gas in the present simulation. The
total masses of dark matter halo, stellar disk, gas disk, and
bulge are denoted asMh,Ms,Mg, andMb, respectively. The
c© 2005 RAS, MNRAS 000, 1–??
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Table 1. Description of the basic parameter values for the
three different disk galaxy models.
Model name/Physical properties MW-type M33-type Dwarf-type
DM mass (×1012M⊙) 1.0 0.1 0.01
Virial radius (kpc) 245.0 113.8 52.9
c a 10 12 16
Stellar disk mass (×1010M⊙) 5.4 0.36 0.036
Gas disk mass (×1010M⊙) 1.2 0.3 0.03
Bulge mass (×1010M⊙) 1.0 – –
Stellar disk size (kpc) 17.5 8.1 3.8
Gas disk size (kpc) 35.0 16.2 7.6
Bulge size (kpc) 3.5 – –
a c is the c-parameter in the NFW dark matter profiles.
total disk mass (gas + stars) and gas mass fraction are de-
noted as Md and fg, respectively, for convenience. The mass
ratio of the dark matter halo (Mh) to the disk (Ms +Mg)
in a disk galaxy is fixed at 16.7.
We mainly investigate three different disk galaxy mod-
els with different Mh in order to clarify how a galaxy en-
vironment can influence different types of galaxies in a dif-
ferent manner. The three includes the ‘MW-type’ (labeled
as ‘MW’ for simplicity) with Mh = 10
12M⊙, ‘M33-type’
(‘M33’) with Mh = 10
11M⊙, and ‘Dwarf-type’ (‘DW’), with
Mh = 10
10M⊙. These three disk models have physical prop-
erties which are similar to yet not exactly the same as those
observed for the MW, M33, and typical dwarfs. These name
are used just for distinguishing three disk galaxies with dif-
ferent Mh. The MW-type galaxy has a bulge and a smaller
gas mass fraction whereas the other two have no bulge and
a larger gas mass fraction. The basic parameter values for
these three disk models are summarized in Table 1.
We adopt the density distribution of the NFW halo
(Navarro, Frenk & White 1996) suggested from CDM simu-
lations:
ρ(r) =
ρ0
(r/rs)(1 + r/rs)2
, (1)
where r, ρ0, and rs are the spherical radius, the characteris-
tic density of a dark halo, and the scale length of the halo,
respectively. The c-parameter (c = rvir/rs, where rvir is the
virial radius of a dark matter halo) and rvir are chosen ap-
propriately for a given dark halo mass (Mdm) by using the
c−Mh relation predicted by recent cosmological simulations
(Neto et al. 2007).
The bulge of a disk galaxy (for the MW-type) has a
size of Rb and a scale-length of R0,b and is represented by
the Hernquist density profile. The bulge is assumed to have
isotropic velocity dispersion and the radial velocity disper-
sion is given according to the Jeans equation for a spherical
system. Although the bulge-mass fraction (fb = Mb/Md)
can be a free parameter, we mainly investigate the MW-type
models with fb = 0.17 and Rb = 0.2Rs (i.e., R0,b = 0.04Rs).
The radial (R) and vertical (Z) density profiles of the
stellar disk are assumed to be proportional to exp(−R/R0)
with scale length R0 = 0.2Rs and to sech
2(Z/Z0) with scale
length Z0 = 0.04Rs, respectively. The gas disk with a size
Rg = 2Rs has the radial and vertical scale lengths of 0.2Rg
and 0.02Rg , respectively. In the present model for the MW-
type, the exponential disk has Rs = 17.5 kpc and Rg = 35
kpc. In addition to the rotational velocity caused by the
gravitational field of disk, bulge, and dark halo components,
the initial radial and azimuthal velocity dispersions are as-
signed to the disc component according to the epicyclic the-
ory with Toomre’s parameter Q = 1.5. The vertical velocity
dispersion at a given radius is set to be 0.5 times as large as
the radial velocity dispersion at that point.
Although the present simulation code enables us to in-
vestigate the time evolution of chemical abundances and
dust properties in a self-consistent manner, we do not inves-
tigate these properties in the present study. This is firstly
because we focus exclusively on SFHs of disk galaxies (i.e.,
not chemical evolution), and secondly because inclusion of
such calculations of chemical and dust evolution is numeri-
cally costly and not suitable for a wide parameter study like
the present work. We therefore investigate only dynamical
and hydrodynamical evolution of galaxies with star forma-
tion in the present study. Initial temperature of gas is set to
be 104K for all models.
The total numbers of particles used for dark mat-
ter, stellar disk, gas disk, and bulge in a MW-type disk
are 700000, 200000, 100000, and 33400, respectively (i.e.,
N = 1033400 is used in total). Since no bulge is included
in the M33-type and Dwarf-type models, the total particle
number is 1000000 for the two. The softening length of dark
matter halo (ǫdm) for each model is chosen so that ǫdm can
be the same as the mean particle separation at the half-mass
radius of the halo. This method is applied for determining
softening length for stellar particles (ǫs) in the initial disk of
each model. The softening length is assumed to be the same
between old stellar, gaseous, and new stellar particles in the
present study. The gravitational softening length for dark
(ǫdm) and baryonic components (ǫs) are 2.1 kpc and 200 pc,
respectively, for the MW-type disk. These values are differ-
ent in models with different sizes and masses. In Appendix
A, we discuss how the present results depend on the resolu-
tion of simulations, in particular, the total particle number
used for a disk galaxy, Nd.
2.2 Star formation and SN feedback effects
A gas particle can be converted into a new star if (i) the local
dynamical time scale is shorter than the sound crossing time
scale (mimicking the Jeans instability) , (ii) the local veloc-
ity field is identified as being consistent with gravitationally
collapsing (i.e., div v< 0), and (iii) the local density exceeds
a threshold density for star formation (ρth). The threshold
c© 2005 RAS, MNRAS 000, 1–??
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Table 2. Description of the basic parameter values for the three different disk galaxy models.
Model/Physical properties Group a Low-mass cluster (‘Virgo’) High-mass cluster (‘Coma’)
Total mass (×1014M⊙) 0.1 1.0 10.0
Virial radius (Mpc) 0.56 1.20 2.59
c b 6.0 4.9 3.6
ICM mass (×1014M⊙) 0.015 0.15 1.5
ICM temperature (×107 K) 0.56 2.6 12.0
a These definition of ‘Group’, ‘Low-mass cluster’, and ‘High-mass cluster’ by mass (Mh) would be arbitrary.
b c is the c-parameter in the NFW dark matter profiles.
gas density is given in units of the number of hydrogen atoms
per cm3 in the present study just for convenience. Accord-
ingly, ρth = 1 cm
−3 indeed means ρth = 1mH cm
−3, where
mH is the mass of a hydrogen atom. We mainly investigate
the models with ρth = 1 cm
−3, and the dependences of the
present results on ρth are briefly discussed in §3.6.
A gas particle can be regarded as a ‘SF candidate’ gas
particle if the above three SF conditions (i)-(iii) are satis-
fied. It could be possible to convert some fraction of a SF
candidate gas particle into a new star at each time step until
the mass of the gas particle becomes very small. However,
this SF conversion method can increase dramatically the to-
tal number of stellar particles, which becomes numerically
very costly. We therefore adopt the following SF conversion
method that was already adopted by our previous chemo-
dynamical simulations of galaxies (Bekki & Shioya 1998). A
SF candidate i-th gas particle is regarded as having a SF
probability (Psf);
Psf = 1− exp(−∆tρ
αsf−1), (2)
where ∆t is the time step width for the gas particle, ρ is the
gas density of the particle, and αsf is the power-law slope of
the Kennicutt-Schmidt law (SFR∝ ρ
αsf
g ; Kennicutt 1998).
A reasonable value of αsf = 1.5 is adopted in the present
study.
At each time step random numbers (Rsf ; 0 6 Rsf 6 1)
are generated and compared with Psf . If Rsf < Psf , then the
gas particle can be converted into a new stellar one. In this
SF recipe, a gas particle with a higher gas density and thus a
shorter SF timescale (∝ ρ/ρ˙ ∝ ρ1−αsf ) can be more rapidly
converted into a new star owing to the larger Psf . We thus
consider that the present SF model is a good approximation
for star formation in high-density gas of disk galaxies.
Each SN is assumed to eject the feedback energy (Esn)
of 1051 erg and 90% and 10% of Esn are used for the in-
crease of thermal energy (‘thermal feedback’) and random
motion (‘kinematic feedback’), respectively. The thermal en-
ergy is used for the ‘adiabatic expansion phase’, where each
SN can remain adiabatic for a timescale of tadi. Although
a reasonable value for a single SN explosion is tadi = 10
5
yr, we adopt tadi = 10
6 yr in the present study, because
tadi might be much longer for multiple SN explosions in
a small local region owing to complicated interaction be-
tween gaseous ejecta from different SNe. The energy-ratio
of thermal to kinematic feedback is consistent with previous
numerical simulations by Thornton et al. (1998) who inves-
tigated the energy conversion processes of SNe in detail. The
way to distribute Esn of SNe among neighbor gas particles is
the same as described in Bekki (2013). The radiative cooling
processes are properly included by using the cooling curve
by Rosen & Bregman (1995) for 100 6 T < 104K and the
MAPPING III code for T > 104K (Sutherland & Dopita
1993).
2.3 Time-varying ram pressure force
2.3.1 A box of ICM
A disk galaxy is assumed to be embedded in hot ICM with
temperature TICM, density ρICM, and velocity Vr. Here Vr
is the relative velocity of ICM with respect to the veloc-
ity of the disk galaxy. The intragroup medium in groups is
also referred to as ICM just for convenience in the present
study. The strength of ram pressure force on the disk is
time-dependent and described as follows:
Pram(t) = ρICM(t)V
2
r (t), (3)
where ρICM(t) and Vr(t) are determined by 3D positions
and velocities of a galaxy at each time step in a simulation
(described later).
In order to avoid huge particle numbers to represent the
entire ICM in clusters of galaxies (e.g., Abadi et al. 1999),
the ICM is represented by SPH particles in a cube with the
size of RICM. A disk galaxy is placed in the exact center of
the cube and the direction of the orbit (within a cluster) is
chosen as the x-axis in the Cartesian coordinate of the cube
(Therefore, it should be noted that this x-axis is not the
same as the x-axis in the orbital calculation of the present
study shown in Fig. 1). The ICM cube is represented by 603
SPH particles each of which is on the 60× 60× 60 cubic lat-
tice. The initial velocity of each SPH particle for the ICM
is set to be (Vr(t = 0), 0, 0) for all models (i.e., the particle
flows along the x-axis to the positive x direction). The ICM
has an uniform distribution within the cube and RICM is set
to be 6Rs, and TICM is much higher than the temperature of
cold ISM in galaxies. We include periodic boundary condi-
tions (at RICM) for the ICM SPH particles leaving the cube.
In Appendix A, we briefly discuss how the present results
depend on the total number of ICM particles (NICM) and
the box size (RICM).
The strength of ram pressure of ICM depend on ρICM(t)
and Vr(t), but it does not depend explicitly on TICM. Fur-
thermore, the present study focuses on the influences of ram
pressure on galaxy evolution in groups and clusters with
Mh > 10
13M⊙ with high ICM temperature (> 10
6 K). We
therefore assume that TICM is fixed at a certain value for
a cluster (no radial temperature gradient and no temporal
variation for simplicity) and determined by the initial total
halo mass of the cluster (Mh). We investigate two cluster
c© 2005 RAS, MNRAS 000, 1–??
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Figure 1. The orbit of a disk galaxy projected onto the x-y plane (left) and the time evolution of the galaxy’s distance from the
cluster center (right) for the five orbital types, I1 (blue, solid), I2 (red, dotted), I3 (green, short-dashed), B1 (cyan, long-dashed), and
B2 (magenta, dot-dashed) in the low-mass Virgo cluster model. The inner and outer circles (black, dotted) indicate the scale radius (rs)
and the virial radius (rvir) of the cluster, respectively.
models: Low-mass cluster model (‘Virgo’, labeled as ‘VI’)
with Mh = 10
14M⊙ and TICM = 2.6 × 10
7 K and high-
mass cluster model (‘Coma’, ‘CO’) with Mh = 10
15M⊙ and
TICM = 1.2 × 10
8 K. These adopted TICM values are con-
sistent with TICM estimated by X-ray observations for clus-
ters with the above adopted masses (e.g., Matsumoto et al.
2000).
We also investigate massive group models with Mh =
1013M⊙ and TICM = 5.6× 10
6 K in order to investigate the
influence of the halo gas of groups on SFHs of group mem-
ber galaxies. These group models are referred to as ‘Group’
(‘GR’). The presence of intragroup gas and the influences
of the gas on the evolution of group galaxy evolution have
been observationally confirmed by previous X-ray observa-
tional studies for groups (e.g. Ponman et al. 1996; Helsdon &
Ponman 2003; Rasmussen & Ponman 2007). It is therefore
worthwhile for the present study to investigate the influences
of ram pressure on galaxy evolution in groups. The initial
total mass of ICM (MICM) in a cluster/group is assumed
to be 0.15Mh in all models. The adopted value could be
large for groups with smaller masses, because it is unlikely
that most intragroup gas is in the form of hot gas. Further-
more, the radial density profiles of hot gas in the central
regions of groups would significantly deviate from those of
dark matter. This means that the present simulation could
overestimate the effects of ram pressure of ICM on galaxies
at pericenter passage for groups. The basic parameters for
these three models are given in Table 2.
2.3.2 Galaxy orbits within clusters
A cluster of galaxies is assumed to have the NFW density
profile and the c-parameter and rvir are determined by Mh
by using the formula by Neto et al. (2007). The orbit of
a disk galaxy is determined by the adopted density profile
of the cluster and the initial orbital plane is set to be the
same as the x-y plane in the cluster. The initial 3D posi-
tion and velocity of the galaxy are denoted as (Px,0, Py,0,
Pz,0) and (Vx, 0, Vy,0, Vz,0), respectively. The density of ICM
surrounding the galaxy at each time step is simply the dark
matter density at the galaxy position multiplied by 0.15 (i.e.,
ICM mass fraction). Using the 3D velocity components of
the galaxy at each time step, Vr(t) can be easily calculated.
We mainly investigate three ‘infall’ models (I1, I2, and
I3) and two ‘bound’ ones (B1 and B2) for the orbital evo-
lution of disk galaxies in clusters. For the infall models,
Px,0 = 1.2rvir, Py,0 = fxrvir (where fx is a parameter that
corresponds to an impact parameter and thus controls the
pericenter distance), Pz,0 = 0, Vx,0 = −fvvc (where vc is
the circular velocity at the initial galaxy position and fv is
fixed at 0.3), Vy,0 = 0, and Vz,0 = 0. Accordingly, a galaxy
can infall onto a cluster environment from outside the clus-
ter virial radius and then pass through the cluster core. The
smaller fx is, the smaller the orbital pericenter distance is
in these infall models. The fx values are 0.3, 0.5, and 0.7 for
I1, I2, and I3 models, respectively.
For the bound models, Px,0 = 0, Py,0 = fxrvir, Pz,0 = 0,
Vx,0 = −fvvc, Vy,0 = 0 and Vz,0 = 0. The models with
smaller fv show more eccentric orbits within a cluster for
a given fx. We mainly show the results of the models with
fx = 0.5 and fv = 0.3 (B1) and fv = 0.5 (B2) in the present
study. The initial 3D positions and velocities for the five
models are given in Table 3. The orbital evolution of the
five models (I1, I2, I3, B1, and B2) within a cluster with
Mh = 10
14M⊙ is shown in Fig. 1.
c© 2005 RAS, MNRAS 000, 1–??
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Table 3. Description of the basic parameter values for the five orbital models.
Orbit type/Physical properties I1 I2 I3 B1 B2
Initial position (Px,0,Py,0,Pz,0) (1.2rvir,0.3rvir,0) (1.2rvir,0.5rvir,0) (1.2rvir,0.7rvir,0) (0,0.5rvir,0) (0,0.5rvir,0)
Initial velocity (Vx,0,Vy,0,Vz,0) (−0.3vc,0,0) (−0.3vc,0,0) (−0.3vc,0,0) (0,−0.3vc,0,0) (0,−0.5vc,0,0)
2.3.3 Disk inclination
The inclination angle of a disk with respect to the direction
of the orbit in a cluster can be a key parameter that controls
the total amount of gas stripped from the disk and thus the
SFH. Since the orbital plane of a disk is the same as the
x-y plane, the spin axis of a disk with respect to the x-y
plane is a key parameter in the present study. The spin of
the disk galaxy is specified by two angles θ and φ (in units
of degrees), where θ is the angle between the z-axis and the
vector of the angular momentum of the disk, and φ is the
azimuthal angle measured from x axis to the projection of
the angular momentum vector of the disk onto the x-y plane.
We mainly investigate the following three models: ‘face-on’
(labeled as ‘FA’) with θ = 90 and φ = 0, ‘edge-on’ (‘ED’)
with θ = 0 and φ = 0, and ‘inclined’ (‘IN’) with θ = 45 and
φ = 30. In the face-on inclination model, a disk can be more
strongly influenced by ram pressure stripping.
2.4 Parameter study
We mainly investigate the SFHs and 2D distributions of SF
regions in MW-type, M33-type, and Dwarf-type disk galax-
ies for low-mass (Virgo) and high-mass (Coma) cluster mod-
els. For comparison, we also run an ‘isolated model’ in which
ram pressure is not included at all. Since gas infall onto
disks is not included in this isolated model, star formation
can gradually decline in this model (i.e., this model does
not correspond to field disk galaxy populations for which
continuous gas infall might be possible for fueling SF).
We first show the results of the ‘fiducial’ model and then
describe the parameter dependences of the present numer-
ical simulations. In the fiducial model, the MW-type disk
(‘MW’), the Virgo cluster model (‘VI’), face-on inclination
(‘FA’), and I1 orbit (‘I1’) are adopted. The key parameters
for the fiducial model are given in Table 4. This fiducial
model is also labeled as ‘VI-I1-MW-FA’ and each model in
the present study is labeled like this. For example, ‘CO-B1-
DW-IN’ model means that a dwarf-type disk galaxy (‘DW’)
with a gas disk inclined with respect to its orbital direction
(‘IN’) is moving in a Coma-like cluster (‘CO’) with a highly
eccentric bound orbit (‘B1’).
We mainly investigate SFHs and Hα-to-optical-disk-size
ratio (ssf) in disk galaxies under strong ram pressure. We
define ssf as follows:
ssf =
Rsf
Rs
, (4)
where Rs is the size of the initial stellar disk composed only
of old stars and Rsf is the size of the star-forming disk within
which 98% of all new stars (with ages less than the lifetime
of a 8m⊙ star) are included. Although we could define Rsf
as the distance of the most distant new star from its host
galaxy’s center, we do not define ssf as such. This is mainly
because ssf can change dramatically even within consecutive
two time steps for data output, if Rsf is the distance of the
most distant new star from the galaxy center. Therefore,
Table 4. Description of the basic parameter values for the
fiducial model.
Physical properties Adopted values
Cluster model Low-mass (Virgo, Mh = 10
14M⊙)
Galaxy-type MW (Md = 5.4× 10
10M⊙)
Orbit I1
Disk inclination (θ,φ)=(90◦,0◦)
the number of 98% has no physical meaning and ssf is used
just for roughly estimating the size of the simulated Hα
disk in a model and comparing it with the observed Hα
disk. The half-mass radius of new stars in a simulated disk
(Rh,sf), which could be more physically meaningful, is also
investigated. This Rh,ns, however, does not change so much
in comparison with Rsf in the present models.
We also investigate 2D densities of SFRs and Hα by
using the following formula (Kennicutt 1998);
SFR(M⊙yr
−1) =
L(Hα)
1.26× 1041ergs−1
. (5)
First we divide the simulated disk into 50×50 cells and esti-
mate the SFR density (ΣSFR [M⊙ yr
−1 kpc−2]) for each cell.
Then Hα luminosity density for each cell can be estimated
by using the above formula and ΣSFR.
As previous numerical studies suggested (e.g., Kron-
berger et al. 2008; Bekki et al. 2010), high pressure of ICM
can have positive (SF enhancement) and negative (SF reduc-
tion) effects on SFHs of disk galaxies in clusters. In order to
understand which of the two effects can be more dominant
for each model, we investigate the ratio of the total mass
of new stars formed in a disk under ran pressure (Mns) to
that in an isolated disk (Mns,0). The ratio is accordingly
represented by ǫsf as follows:
ǫsf =
Mns
Mns,0
. (6)
If this ǫsf is larger than 1 in a model, it means that gas
is more efficiently converted into new stars during 3.4 Gyr
evolution of the disk within a group/cluster in comparison
with the isolated model (i.e., ram pressure can enhance the
conversion of cold gas into new stars). It should be noted
here that the isolated model does not correspond to field
galaxies (for which gas might continue to be accreted onto
the gas disks so that SFRs can be kept constantly high,
unlike the isolated model of the present study). Therefore,
ǫ > 1 in a model does not mean that global SF in the disk is
enhanced by ram pressure in comparison with field galaxies.
3 RESULTS
3.1 The fiducial model
Fig. 2 shows how the 2D distributions of cold gas and SFR in
a MW-type disk galaxy changes with time when the galaxy
passes through the central core of a Virgo-like cluster. In
the early phase of its orbital evolution within the low-mass
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Figure 2. The gas distribution (edge-on view) of the disk galaxy (left, rectangular box) and the 2D distribution for the SFR density
of young stars (right, square box) for the fiducial model with the MW-type disk, the Virgo cluster model, I1 orbit, and face-on disk
inclination (labeled as ‘VI-I1-MW-IN’) at four different time steps. The rectangular panel for the projected gas distribution shows the
time in units of Myr at the upper right corner. The 2D SFR density (ΣSFR in logarithmic scale) is given in units of M⊙ yr
−1 kpc−2,
and the thick bar in the lower right corner shows a physical scale of 5 kpc.
cluster, the ram pressure of ICM is rather weak and there-
fore can influence only the very outer part of the gas disk
(T = 1.2 Gyr). Consequently, new stars can continue to form
throughout the gas disk as efficiently as the isolated disk
in this early evolution phase. After the pericenter passage
(rp = 42 kpc at T = 2.5 Gyr), the gas disk can be quickly
and efficiently stripped by ram pressure so that numerous
small gas clumps can form behind the disk (T = 2.7 Gyr).
These small clumps have head-tail structures and most of
them can be completely stripped from the disk galaxy (i.e.,
outside rvir) during the pericenter passage. However, a mi-
nor fraction of once stripped gas clumps can be returned
back to the gas disk when the galaxy goes away from the
orbital pericenter, because ram pressure can become weak
again (T = 3.3 Gyr). These clumps falling back to the orig-
inal gas disk can be observed as high-velocity clouds in the
galaxy.
The details of these stripping processes can be seen
in the attached animation, for which the color codes are
exactly the same as those in Fig. 2. The attached anima-
tion (ram.f1.avi for high-resolution and ram.f1.mov for low-
resolution) clearly shows (i) how the gas disk of the disk
galaxy in the fiducial model is stripped by ram pressure of
ICM and (ii) how the 2D distribution of the star-forming
regions accordingly changes during the disk evolution. This
animation enables readers to understand better the follow-
ing points that are not clearly shown in Fig. 2: (i) the for-
mation processes of numerous small gas clumps during ram
pressure stripping, (ii) the formation head-tail structures of
the clumps, (iii) the re-accretion process of the clumps, and
(iv) the sudden truncation of SF in the outer disk during
ram pressure stripping.
Owing to the severe truncation of the outer gas disk
by ram pressure stripping, SF in the outer disk (R ∼ Rs)
c© 2005 RAS, MNRAS 000, 1–??
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Figure 3. Left panel: The time evolution of star formation rate (SFR, top), the ratio of star-forming disk to initial stellar disk (Rsf/Rs,
second from the top), the half-mass radius of new stars normalized by initial stellar disk size (Rh,sf/Rs, second from the bottom), and
the total mass of new stars (Mns, bottom) for the isolated model (blue, dotted) and the fiducial model under ram pressure stripping
(labeled as ‘RPS’) within the Virgo-like cluster with Mh = 10
14M⊙ (red, solid). The black dotted line indicates the time of pericenter
passage (tp). Right panel: The final projected distributions of gas (upper) and new stars (lower) for the isolated model (blue, dotted)
and for the fiducial model (red, solid).
can be completely shut down. As a result of this, the 2D
ΣSFR distribution shows a sharp edge around R ∼ 12 kpc at
T = 3.3 Gyr. It is intriguing that the outer 2D ΣSFR distri-
bution looks like a ring with a central concentration. This
ring-like distribution of new stars is characteristic for disk
galaxies under strong ram pressure stripping, as discussed
later. The left panel of Fig. 3 shows that in spite of efficient
gas stripping, the SFR of the disk galaxy can become higher
than the SFR of the isolated model at T > 2 Gyr. A physical
explanation for this moderate SF enhancement is as follows.
When the disk galaxy becomes closer to the orbital pericen-
ter, ram pressure becomes moderately strong and starts to
compress the inner part of the gas disk so that a significant
fraction of gas particles can have higher gas densities. This
compression of gas by ram pressure can be the strongest at
the pericenter passage of the galaxy. As a result of this, SF
can be moderately enhanced largely in the central region of
the disk at the pericenter passage. The physical mechanism
of this is discussed more extensively in §3.5.
The left panel of Fig. 3 shows that ssf (= Rsf/Rs corre-
sponding to the observed Hα-to-optical-disk-size ratio) can
become significantly smaller after the pericenter passage ow-
ing to the truncated SF in the outer disk. The half-mass
radius of new stars (Rh,ns), however, does not change signif-
icantly during ram pressure stripping. This means that ram
pressure can only influence the outer star-forming disk in
this model. The total mass of new stars (Mns) formed during
∼ 3.4 Gyr evolution of the disk is only slightly larger than
that in the isolated model, which means that the positive
effect of ram pressure on SF (i.e., SF enhancement) can sur-
pass the negative one (i.e., SF reduction) in this MW-type
disk galaxy. It should be noted, however, that it depends
on Mh, rp, and θ (φ) of disk galaxies on which of these two
effects can be more dominant in SFHs of disk galaxies for a
given environment (This point is later discussed in §3.2.)
The right two panels of Fig. 3 show that the final pro-
jected density distributions (Σ) of gas are quite different
between the isolated and fiducial models, though the distri-
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Figure 4. The 2D distributions of Hα emission densities (ΣHα , in logarithmic scale) for the fiducial model at T = 1153 Myr (left) and
T = 3330 Myr (right). These 2D Hα maps are from 2D SFR density maps shown in Fig. 2. Clearly, the disk at T = 3330 Myr (i.e., after
ram pressure stripping) shows an outer ring-like structure in the Hα map.
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Figure 5. The time evolution of SFRs in the MW-type disk galaxies with Face-one (red, dotted), Inclined (green short-dashed), and
Edge-on (cyan, long-dashed) disk orientation models within the low-mass Virgo cluster. For comparison, the isolated disk model is shown
by a blue solid line. The time at the pericenter passage is indicated by a black dotted line and marked with ‘tp’. It is clear that the
Edge-on model shows a greater enhancement of SF after pericenter passage owing to the stronger compression of ISM by ram pressure.
butions of new stars are not so different between the two.
The gaseous distributions with almost constant Σ for 4 kpc
6 R 6 10 kpc and very steep Σ decline beyond R ∼ 10 kpc
in the fiducial model clearly mean that ram pressure can
significantly increase the gas density in the inner region of
the gas disk. The inner region with constant Σ is roughly
coincident with the location of a ring-like structure of young
stars shown in Fig. 2 (and later in Fig. 4). This coincidence
provides the following explanation for the origin of the ring-
like structure. During efficient ram pressure stripping of the
outer gas disk (which ends up with the sharp Σ decline at
R > 10 kpc in Fig.3), the inner gas disk can be strongly
compressed by ram pressure. Consequently, the gas density
of the inner gas disk (4 kpc 6 R 6 10 kpc) can become so
high that new stars can form from the gas disk. The gas at
the circumnuclear region (R ∼ 2 kpc) can be rapidly con-
sumed by star formation so that the SFR there can be rela-
tively low at the time of pericenter passage. Thus, a ring-like
young star-forming region can be formed after ram pressure
stripping.
The right panel of Fig. 4 shows that (i) SF can be ac-
tively ongoing in the central bulge region and (ii) the disk
has an intriguing ring-like Hα morphology after ram pres-
sure stripping of the outer gas disk (T = 3.3 Gyr). The outer
c© 2005 RAS, MNRAS 000, 1–??
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Figure 6. The time evolution of SFRs (in logarithmic scale), ssf (= Rsf/Rs), and ǫsf (= Mns/Mns,0) for 15 different disk galaxies
with different orbits and halo masses in the low-mass Virgo cluster model with Mh = 10
14M⊙. Each of six sets of three frames shows
the results of the three different disk galaxies, MW-type (blue, solid), M33-type (red, dotted), and Dwarf-type (green, dashed), with a
specific orbital type (I1, I2, I3, B1, and B2, indicated in the upper left corner of the top panel). For comparison, the results of the three
isolated models are also shown. The time of pericenter passage (tp) is shown by a vertical black dotted line in each panel.
sharp edge of the Hα ring corresponds to the outer edge of
the truncated gas disk. Given that such a ring-like structure
can not be seen in the disk at T = 1.2 Gyr (left panel of
Fig. 4) and in the isolated model, the formation of the ring
is caused by the effects of ram pressure on the gas disk. Such
a ring-like distribution of star-forming regions is indeed ob-
served for NGC 4569 in the Virgo cluster (e.g., Koopmann &
Kenny 2004). The simulated ring-like Hα morphology is one
of characteristic distributions of Hα in disk galaxies under
strong ram pressure, as described later.
3.2 Parameter dependence
Figs. 5−8 summarize the dependences of the time evolution
of SFRs, ssf (corresponding to Hα-to-optical-disk-size ratio),
and ǫsf (long-term conversion efficiencies of cold ISM into
new stars) on disk inclination angles (θ and φ), halo masses
of galaxies (Mh), orbits (e.g., rp), and group/cluster masses
(Mh). For Figs. 5 − 7, the results of the disk models with
θ = 45◦ and φ = 30◦ (‘IN’ models) are shown, because
such inclined disk configurations with respect to the orbits
c© 2005 RAS, MNRAS 000, 1–??
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Figure 7. The same as Fig. 6 but for the Coma model with Mh = 10
15M⊙.
of galaxies can be more typical and more realistic for real
ISM-ICM interaction in groups and clusters.
3.2.1 Disk inclination
As shown in Fig. 5, SFHs of MW-type galaxies after peri-
center passage depend strongly on disk inclination angles for
the low-mass Virgo cluster model. Clearly, SF can be more
strongly enhanced by ram pressure in the edge-on disk incli-
nation than in the face-on and inclined ones. Ram pressure
can be responsible both for efficient gas stripping and for
strong compression of gas. For the edge-on model, the lat-
ter effect is more dominant than the former one so that SF
can be significantly enhanced in the central region of the gas
disk. The level of SF enhancement in the edge-on model is
significant (i.e., similar to the initial active SF phase) and
can continue for ∼ 1 Gyr after pericenter passage. Either
‘reactivation’ or ‘rejuvenation’ would be a better word for
describing the effect of ram pressure on the galactic SFH of
the edge-one model.
3.2.2 Galaxy mass
As shown in Fig. 6, both SFRs and ssf can be more signifi-
cantly reduced in less massive disk galaxies for the I1 orbit
in the Virgo cluster model with Mh = 10
14M⊙. The MW-
type galaxy shows a slightly enhanced SFR after pericenter
passage whereas the M33-type shows a sudden and signif-
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Figure 8. The same as Fig. 6 but for the Group model with Mh = 10
13M⊙.
icant SFR decrease in the I1 orbit. The ssf parameter can
be reduced by ∼ 40% for the MW-type and by ∼ 80% for
the M33-type in this orbit, which means that the M33-type
has a more compact Hα disk. SF in the Dwarf-type can be
suddenly shut down (‘SF quenching’) and thus ssf becomes
0 after pericenter-passage owing to the complete stripping of
cold gas from the disk by ram pressure in this I1 orbit. The
ǫsf parameter can become larger than 1 for the MW-type
owing to the moderate SF enhancement in the central bulge
region whereas it can be significantly lower than 1 for M33-
type and Dwarf-type in this I1 orbit. These results suggest
that SFHs and 2D distributions of SF regions in less mas-
sive disk galaxies can be more strongly influenced by ram
pressure in clusters.
The modest SF enhancement of the MW-type and the
sudden SF quenching of the Dwarf-type derived in the I1
orbit can be seen in other orbits of the Virgo model and in
some orbits of the Coma and the Group models. However,
the significant SF reduction of the M33-type derived in the
I1 orbit can not be clearly seen in other orbits of the Virgo
models. This simply means that SFHs of disk galaxies can
be determined not only by their masses but also by other pa-
rameters (rp and group/cluster masses). The dependences of
the time evolution of ssf on galaxy masses derived in the I1
orbit of the Virgo model can be seen in other orbital types
(I2, I3, B1, and B2) of the Virgo model and some orbits
of the Coma cluster model (See Fig. 7). The degrees of SF
and ssf reduction by ram pressure, however, can depend on
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Figure 9. A collection of four characteristic Hα morphologies in disk galaxies under ram pressure derived from four models, CO-I2-MW-
IN (upper left), CO-B1-MW-IN (upper right), VI-B1-MW-IN (lower left), and GR-I1-MW-IN (lower right). These Hα maps show very
compact and truncated (upper left), one-sided or crescent-like (upper right), outer (broken), ring-like (lower left), and outer high-density
ring-like distributions (lower right). These four are chosen from many Hα distributions of models at different time steps.
orbital types and group/cluster masses, as shown in Figs.
6−8, which is described later. It should be noted that mod-
erate SF enhancement by ram pressure can be clearly seen
only in the MW type (not so clear in the M33-type and the
Dwarf-type for all models).
3.2.3 Orbit
The orbital pericenter distances (rp) are 42, 72, 102, 102,
and 195 kpc for the orbital types I1, I2, I3, B1, and B2 in
the Virgo model. Accordingly, it is clear from Figs. 6 that
ssf can be more significantly reduced in the M33-type with
smaller rp among the three infall models (I1, I2, and I3).
This dependence on rp can be seen in the M33-type and
the Dwarf-type for the two bound orbits. Although final ssf
for the MW-type is significantly smaller than that of the
isolated model for all orbits, the dependence of final ssf on rp
is not so clear for the MW-type. Smaller final ǫsf and more
significant SF reduction are likely to occur in the Dwarf-
type with smaller rp. These derived dependences of SFHs,
ssf , and ǫsf can be seen in the Coma model and the Group
one. These dependences on the orbits of galaxies are due
largely to the differences of the influences of ram pressure
force on gaseous evolution (thus on SFHs) between different
models.
The differences in tp (the epoch of pericenter passage)
between models with different orbits can be as large as ∼ 1
Gyr. This means that the total gas masses (Mg) of disks
at tp can be significantly different between different mod-
els thus that the restoring force of gas disks can be differ-
ent between the models at tp. Therefore the differences of
Mg at tp might be responsible for the dependences of the
present results on the orbits of galaxies. However, the differ-
ences in Mg at tp between models with different orbits are
rather small. For example, Mg in the isolated MW model
is 1.11 × 1010M⊙ at tp ∼ 1.3 Gyr (corresponding to the
VI-B1-MW-IN model) and 1.08 × 1010M⊙ at tp ∼ 2.4 Gyr
(VI-I1-MW-IN model). These values can be roughly esti-
mated from the time evolution of Mns in Fig. 3 and the
adopted larger initial Mg (1.2 × 10
10M⊙). Therefore, the
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Figure 10. The time evolution of SFRs for four representative SF modes derived for disk galaxies under ram pressure (red, solid):
Enhanced (upper left, the model CO-I2-MW-ED), Reduced (upper right, VI-I1-M33-IN), Quenched (lower left, CO-I1-MW-IN), and
Unaffected (lower right, VI-B2-MW-IN). For comparison, the isolated model is shown by a blue dotted line in each panel. Ram pressure
does not always reduce or quench galactic star formation, but it can enhance significantly depending on galaxy masses, inclination angles,
pericenter distances, and groups/cluster masses. The ‘Unaffected’ SF mode means that SF of galaxies are much less influenced by ram
pressure: It does not mean that SF is not influenced by ram pressure at all (very slight increase of SF can be seen in the model shown
in the lower right panel).
possible small difference (∼ 3%) in the restoring force of gas
disks is highly unlikely to influence the time evolution of SF
in disks under ram pressure. We therefore consider that the
derived dependences of the present results on the orbits of
galaxies are due largely to the differences of the influences
of ram pressure force on gas disks between different models.
3.2.4 Group/cluster mass
Fig. 7 shows that irrespective of galaxy-masses, SF in disks
can be suddenly and completely truncated after pericenter
passage in the Coma model, as long as rp is small enough.
Not only the M33-type and the Dwarf-type but also the
MW-type shows SF quenching in the orbit I1 and I2 in this
massive cluster model. These results are in a striking con-
trast with those for the low-mass Virgo model, which implies
that SF in MW-type disk galaxies can be quenched only in
massive clusters. It is intriguing that SF enhancement does
not occur for the MW-type in I1 and I2 of the Coma model,
though SF enhancement can be frequently seen in the Virgo
model and the Group one. This result implies that moder-
ately strong ram pressure is required for SF of MW-type
disk galaxies to be moderately enhanced. Too strong ram
pressure can simply strip the entire gas disk so that SF en-
hancement by compression of gas by ram pressure can not
occur.
Fig. 8 shows that SF enhancement by ram pressure after
pericenter passage in the MW-type is more pronounced in
the Group model than in the Virgo one (in particular, orbits
I1 and I2). Furthermore, the final ǫsf in the MW-type is
significantly larger than 1 for these I1 and I2 orbits, which
means that cold gas is more efficiently converted into new
stars owing to compression of gas by ram pressure. These
results imply that although ssf of luminous disk galaxies in
a group can become slightly smaller (i.e., slightly truncated
Hα disk) owing to ram pressure of the intragroup gas, their
SF activity can be enhanced, as long as their rp can be small
enough. The Dwarf-type with smaller rp (I1 and I2 orbits)
shows almost complete truncation of SF even in this group
environment. It should be noted, however, that the DW-type
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Figure 11. Upper panel: The time evolution of gas densities (ρg in units of H-atom number per cm3) for the isolated model and the
model (VI-I1-MW-ED) under ram pressure stripping (right). The star formation histories of these models are already shown in Fig. 5.
These gas particles are those which are converted into new stars. The file size of this figure can be very large (∼ 7 MB), if all gas particles
are plotted. Therefore, one every 20 particles is plotted in the upper panel so that the file size can be much smaller. Nevertheless the
differences in the the time evolution of ρg between the two models can be still clearly seen in the upper panel. Lower panel: The locations
of gas particles on the density-temperature (ρg − T ) plane for the isolated model (left) and the VI-I1-MW-ED model (right). The gas
particles that are converted into new stars only after pericenter passage (2.48 Gyr) are shown (for the two models) so that the influences
of ram pressure on the distributions of (star-forming) gas on the ρg − T plane can be more clearly understood. One every 10 particles is
plotted in this lower panel.
with the B2 orbit shows a very slight SF enhancement after
pericenter passage (in comparison with the isolated model)
and thus ǫsf > 1. These results suggest that ram pressure
of intragroup gas can be important for the SFHs of disk
galaxies in group environments.
3.3 Characteristic Hα morphologies
Fig. 9 presents a collection of the following four character-
istic Hα morphologies seen in the simulated disk galaxies of
the present study: (i) very compact and severely truncated,
(ii) one-sided and outer crescent-like, (iii) broken ring-like
and patchy, and (iv) an outer high-density ring (distribu-
tions). These characteristic Hα morphologies are not seen
in isolated models and thus regarded as being due to ram
pressure effects. The severely truncated distribution can be
seen more frequently in disk galaxy models just before the
complete truncation of SF by ram pressure. The one-sided
or crescent-like (or one-spiral-arm-like) distribution can be
more clearly seen in disk galaxy models with edge-on disk
inclination in which only one side of the gas disk can be
strongly influenced by hydrodynamical force of ram pres-
sure. Disk galaxies with these crescent-like Hα distributions
often show enhanced global SFRs.
The broken ring-like distributions can be frequently
seen in disk models with face-on (θ = 90◦ and φ = 0◦)
or inclined (θ = 45◦ and φ = 30◦) disk configurations. This
ring-like distribution is not due to the dynamical action of
central bars, because it is confirmed that this ring-like dis-
tribution can be seen in the disk models with big bulges for
which bar formation via global bar instability is unlikely.
The outer rings with significant SF enhancement within the
rings can be seen for disk galaxy models with smaller rp or-
biting the Group. The ring-like distributions of enhanced SF
regions can not be seen in isolated models, which suggests
that such ring-like distributions can be used for searching
for evidence of an environmental effect of a group on SFHs
of disk galaxies.
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Figure 12. The time evolution of SFRs for models with ρth = 0.1 cm
−3 and standard SN feedback (upper left), with ρth = 1 cm
−3 and
standard SN feedback (upper right), with ρth = 1 cm
−3 and weak SN feedback effect (lower left), and with ρth = 1 cm
−3 and strong
SN feedback effect (lower right). Here weak, standard, and strong SN feedback models assume tadi = 3 × 10
5 yr, 106 yr, and 107 yr,
respectively. The black dotted line indicates the time of pericenter passage (tp). The isolated model and the model under ram pressure
stripping are shown by blue dotted and red solid lines, respectively, in each frame.
3.4 Four modes of SF
Fig. 10 summarizes the following four basic modes of SF
in disk galaxies orbiting groups and clusters of galaxies: (i)
Enhanced, (ii) Reduced, (iii) Quenched, and (iv) Unaffected
(SF). The ‘Enhanced SF’ mode means that SFRs can be
moderately enhanced by ram pressure but can not be as high
as the SFRs of starburst galaxies whereas the ‘unaffected SF’
mode means that SFRs can not change significantly (though
very slight increase in SF can be seen during/after ram pres-
sure). The Enhanced SF mode is more frequently seen in the
MW-type whereas the Quenched and Reduced SF modes are
more frequently seen in the Dwarf-type in the present study.
As described in the preceding sections, SFHs of disk
galaxies can be enhanced or reduced depending on model pa-
rameters. Therefore, it would be unrealistic for any theoret-
ical studies on statistical properties of galactic SF to assume
that irrespective of galaxy-masses, group/cluster masses,
and orbital types, SF of galaxies in groups and cluster can
be quenched after pericenter passage. The origin of passive
red spiral galaxies observed in distant clusters (e.g., Dressler
et al. 1998) can be closely related to the Quenched SF mode.
On the other hand, the origin of disk galaxies with local SF
enhancement in their outer disks observed in the Virgo clus-
ter (e.g., Koopmann & Kenney 2004) has something to do
with the Enhanced SF mode.
3.5 A physical mechanism for enhanced SF
Although we have shown that SF in disk galaxies can be en-
hanced by ram pressure in the present simulations, we have
only briefly mentioned a possible physical process responsi-
ble for this SF enhancement. In order to demonstrate more
clearly why ram pressure can cause the modest enhance-
ment of SF in disk galaxies, we investigate (i) the time evo-
lution of gas densities (of SPH particles) and (ii) the density-
temperature diagram of the particles during and after ram
pressure stripping. We investigate these two points for gas
particles that are finally converted into new stars, because
it is meaningless for us to investigate these for all gas par-
ticles including stripped ones for the purpose of clarifying
the physical mechanism of the derived SF enhancement. We
choose the VI-I1-MW-ED mode for this investigation, be-
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cause the model clearly shows a SF enhancement. The SFH
of this model is already described in Fig. 5 (as ‘Edge-on’
model).
Fig. 11 shows that the densities of star-forming gas par-
ticles significantly increase after the pericenter passage of the
disk galaxy in this model. Fig. 11 furthermore shows that
the locations of gas particles on the ρg − T plane after the
pericenter passage are quite different from those in the iso-
lated disk model. A significant fraction of gas particles can
have higher ρg and higher T in the star-forming disk under
ram pressure. These results confirm that the modest SF en-
hancement derived in the present simulations is due to the
significant increase of gas densities caused by compression
of gas by ram pressure of ICM.
3.6 Dependences on SN feedback effects and SF
threshold gas densities
So far, we have presented the results of the models with a
fixed ρth (=1 cm
−3) and tadi (=10
6 yr). Although we con-
sider that these parameter values for SF threshold gas den-
sity and SN feedback effect are quite reasonable and realistic
for the present investigation, it is important for the present
study to discuss whether or not the present results are sensi-
tive to the choice of these parameters. We therefore discuss
this point by presenting the results for the models (VI-I1-
MW-IN) with different ρth (= 0.1 cm
−3 and 1 cm−3) and
tadi (3× 10
5 yr, 106 yr and 107 yr, which are referred to as
‘weak’, ‘standard’, and ‘strong’ SN feedback, respectively).
The isolated models with these weak and strong SN feed-
back show significantly higher and lower initial SFRs than
a reasonable SFR of ∼ 1M⊙ for a MW-type disk galaxy,
respectively. These models are therefore less realistic than
those with the standard SN feedback (tadi = 10
6 yr).
Fig. 12 shows that modest enhancement in SF after
pericenter passage can be seen in the models with ρth = 0.1
and 1 cm−3, which confirms that the present results on the
SF enhancement by ram pressure are not sensitive to the
choice of ρth. Furthermore, Fig. 12 shows that SF enhance-
ment can be seen in the model with strong SN feedback
effects in which SN explosions can cause gaseous outflow
from the disk galaxy. The SF enhancement can be clearly
seen in the models with different tadi, though the levels of SF
enhancement are slightly different between the three models
with weak, standard, and strong SN feedback. These results
demonstrate that the present results on SF enhancement by
ram pressure do not depend strongly on the details of the
modeling of SN feedback effects.
4 DISCUSSION
4.1 SF enhancement in MW-type galaxies under
ram pressure
We have shown that in some models, SF can be enhanced
rather than truncated in MW-type disk galaxy when they
pass the pericenter of their orbits within clusters. The high
pressure of ICM can (externally) compress the cold ISM in
disk galaxies so that SFRs, which are assumed to depend
on local gas densities in the present study, can significantly
increase. Using analytic models of galaxy evolution in clus-
ters, Fujita & Nagashima (1999) predicted that SFRs of disk
galaxies can increase by a factor of ∼ 2 as galaxies approach
the central regions of clusters, because ISM of the galax-
ies can be strongly compressed by high pressure of ICM at
the pericenter passages. Previous numerical simulations also
demonstrated that star formation in MW-type galaxies can
be enhanced, if their ISM are under strong influences of high
pressure of ICM (e.g., Bekki & Couch 2003; Kronberger et
al. 2008). It should be stressed, however, that this SF en-
hancement in MW-type disk galaxies is modest (i.e., not like
a starburst with a factor of ∼ 10 SFR increase) and can not
last long. Such a modest level of SF enhancement in disk
galaxies under ram pressure has been recently observed by
integrated-field spectroscopy and multi-band imaging (e.g.,
Merluzzi et al. 2013).
The derived modest SF enhancement implies that SF
in MW-type disk galaxies could not monotonically decline
after they enter into cluster environments. Stripping of halo
gas of disk galaxies by cluster tide (Bekki et al. 2001) and
ram pressure of ICM (McCarthy et al. 2008; Bekki 2009)
can cause gradual decline of their star formation (e.g., Lar-
son et al. 1980). However, moderately strong ram pressure
on ISM in disks can enhance star formation of disk galaxies
in clusters: Cluster environments have positive and nega-
tive effects on galactic star formation histories. In recent
semi-analytic models (SAMs) of galaxy formation based on
a ΛCDM cosmology, star-formation quenching is assumed
to occur in galaxies after their pericenter passages within
groups and clusters (e.g., Wetzel et al. 2013). The present
study strongly suggest that (i) galactic star formation in
clusters is not so simple as modeled in these semi-analytic
studies, and thus (ii) not only SF quenching but also SF
enhancement would need to be correctly included in their
models for better understanding galaxy evolution in clus-
ters.
However, it is quantitatively unclear how dramatically
the predictions of SAMs can change if the above ram pres-
sure effects on SFRs of galaxies are more properly included
in SAMs. Given that the SF enhancement by ram pressure
is modest and a significant fraction of disk galaxies can have
‘unaffected’ SF modes after ram pressure stripping, such an
inclusion of ram pressure effects in SAMs would not dra-
matically change the already existing predictions. Since SF
enhancement means more rapid gas consumption, galaxies
in groups/cluster might show reduced SF on average.
4.2 Environmental dependences of
Hα-to-optical-disk-size ratios
One of key results in the present study is that the final Hα-
to-optical-disk-size ratios (ssf) in disk galaxies under ram
pressure of ICM depend primarily on their orbits (in par-
ticular, pericenter distances), galaxy masses, inclination an-
gles of disks with respect to orbital directions, and clus-
ter masses. Among these dependences of ssf , an observable
one is that disk galaxies are likely to show smaller ssf in
more massive clusters. This dependence of ssf on Mh would
not be so surprising and could be possibly confirmed by
observations. However, systematic observational studies on
the dependence of ssf on Mh (or other cluster properties)
have not been done yet. Koopmann & Kenny (2004) in-
c© 2005 RAS, MNRAS 000, 1–??
18 K. Bekki
vestigated Hα morphologies of spiral galaxies in the Virgo
cluster and found that about 52% of the spiral galaxies show
truncated Hα disks (smaller ssf), particularly, in those with
truncated H i disks (See their Fig. 15). They therefore con-
cluded that the observed truncated SF regions in the Virgo
can be caused by ISM-ICM hydrodynamical interaction.
Future observational studies on the dependences of ssf
on Mh (also on group/cluster sizes and densities) could be
doubtlessly worthwhile as follows. Moss & Whittle (2000)
investigated SF regions of disk galaxies in eight low-redshift
Abell clusters and revealed that strong evidence for tidally
induced star formation can be more frequently found in
higher local galaxy surface density. Bretherton et al. (2013)
have also found that disk galaxies with enhanced SFRs in
their cluster samples show evidence of disturbance. These
two observational studies imply that galaxy interaction can
be also important in changing SF regions of galaxies in clus-
ters and thus is a key parameter that controls ssf . Therefore,
a key question here is how the relative importance of ram
pressure and tidal interaction in determining ssf changes
with galaxy environments (e.g., Mh).
The present study has shown that ssf can be smaller
for disk galaxies within more massive clusters, because ram
pressure is likely to be stronger in the clusters. Also the re-
duction of ssf can be less severe in groups than in clusters
owing to the the weaker ram pressure force in groups. On
the other hand, ssf is unlikely to be less than 1 during tidal
interaction, because both gas and old stars within a cer-
tain tidal radius can be equally stripped. Furthermore slow
yet strong galaxy interaction can be an important physi-
cal mechanism for enhancing rather than quenching SF in
disk galaxies in groups (Bekki & Couch 2011). Therefore,
it would be possible that (i) more massive clusters show
a larger number of galaxies with smaller ssf in comparison
with less massive clusters and (ii) groups have different ssf
distributions in comparison with clusters (e.g., most of group
member galaxies show ssf almost equal to or larger than 1).
Thus, future observational studies on the dependences of ssf
on group/cluster masses (Mh) will enable us to understand
the relative importance of ram pressure and tidal interac-
tion in determining the 2D distributions of SF regions of
disk galaxies in different environments.
4.3 Formation of disky E+As
The present study has shown that (i) low-mass disk galaxies
can lose the entire gas disks through ram pressure stripping
at their pericenter passage even in low-mass clusters with
Mh = 10
14M⊙ and (ii) SF can be completely and suddenly
truncated (or quenched) after the pericenter passage. SF is
very active in these low-mass, gas-rich disk galaxies before
SF quenching, and the stellar disk components can not be
influenced at all by ram pressure stripping of ISM in these
galaxies. Therefore, the present results imply that these low-
mass disk galaxies which suddenly lose their gas can be
identified as ‘E+A’ disk galaxies with poststarburst spectra
0.1− 1 Gyr after SF quenching. Recent observational stud-
ies of spatial distributions of stellar populations and kine-
matics in E+As (e.g., Pracy et al. 2009; 2012) have shown
that the observed properties of most E+As are consistent
with the simulated ones based on a major merger scenario in
which E+As can form from major merging with strong star-
bursts and evolve then into elliptical galaxies (e.g., Bekki et
al. 2005). These results accordingly imply that disky E+As
(i.e., those which are not formed from major merging) could
be a minor population.
Although the observed negative radial gradients of
Balmer absorption lines (i.e., stronger in inner regions) are
demonstrated to be consistent with the major merger sce-
nario of E+A formation (Pracy et al. 2012), some E+As
show rather flat radial gradients of Balmer absorption lines
(e.g., E+A 1 in Pracy et al. 2012). Disk galaxies which very
quickly lose their entire gas disks through ram pressure strip-
ping should show no/little radial gradients of Balmer ab-
sorption lines owing to sudden and complete truncation of
SF for the entire disks. Therefore, the observed flat radial
gradients of E+As in Pracy et al. (2012) appear to be con-
sistent with E+A formation through ram pressure stripping
in disk galaxies. Interestingly, E+A 1 in Pracy et al. (2012)
has a dwarf-like luminosity (Mr = −16.7 mag), which ap-
pears to be consistent with the present result that low-mass
disks are more likely to become disky E+As. Given that
Tran et al. (2003) found many disky E+As in clusters, the
present study suggests that future observational studies on
2D distributions of Balmer absorption lines in disky E+As
will enable us to discuss whether ram pressure stripping can
be a major mechanism for E+A formation in clusters.
4.4 Timescale for SF quenching
The present study has clearly shown that SF quenching (i.e.,
complete truncation of SF) is possible in disk galaxies within
groups and cluster for some models under some physical
conditions (e.g., smaller rp and lower galaxy masses). SF
quenching has been demonstrated to occur in disk galaxies at
first pericenter passage within clusters, as long as rp is small
enough (rp well less than rs). Therefore, if the timescale for
SF quenching is the time lag between when a galaxy first
enters within a virial radius of its host cluster and when it
passes through the orbital pericenter, then the timescale can
be 2− 3 Gyr for clusters. The present study has also shown
that SF in the MW-type disk galaxies can not be completely
truncated within 3.4 Gyr (during just once pericenter pas-
sage), if they have bound orbits (B1 and B2) with larger rp
in the high-mass clusters. It is, however, unclear whether SF
in MW-type disk galaxies within clusters can be quenched
if the galaxies can pass the pericenter twice or more.
We have investigated the long-term SFHs (5.6 Gyr) of
disks galaxies with bound orbits (B1 and B2) for the Virgo
model and the Coma one in order to understand whether
SF quenching is possible for the MW-type disk galaxies with
bound orbits and larger rp in clusters. Fig. 13 shows that al-
though SF quenching is not possible in the MW-type galax-
ies with bound orbits within 5.6 Gyr for the low-mass Virgo
cluster model, dramatic SF reduction (almost SF quenching)
is possible in the galaxies for the high-mass Coma model.
This result implies that (i) SF quenching by ram pressure
stripping is unlikely to occur in luminous disk galaxies for
low-mass clusters and (ii) SF quenching timescale can be as
long as ∼ 6 Gyr for luminous disk galaxies with larger rp
for high-mass clusters. Ram pressure stripping of cold gas
from disk galaxies would not be the only mechanism of SF
quenching within several Gyr for clusters, and tidal strip-
ping due to galaxy interaction and cluster tide could be also
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Figure 13. The long-time time evolution of SFRs in the four models, V1-B1-MW-IN (blue, solid), CO-B1-MW-ED (red, dotted),
CO-B1-MW-IN (green short-dashed), and CO-B2-MW-IN (cyan, long-dashed). For these models, the MW-type disk galaxies can pass
through orbital pericenter twice within the 5.6 Gyr orbital evolution. The CO-B1-MW-IN model shows a significant enhancement before
SF quenching around T=4 Gyr. This SF mode of ‘Enhancement before quenching’ can be seen in some models, though it is not a major
mode.
responsible for SF quenching. It is thus our future study
to investigate how ram pressure and tidal interaction can
combine to quench SF in disk galaxies within clusters.
5 CONCLUSIONS
We have investigated the long-term SFHs (more than ∼ 3
Gyr) and the spatial distributions of SF regions of disk
galaxies under strong ram pressure of ICM in clusters of
galaxies by using numerical simulations with a new model
for time-varying ram pressure force. The key parameters
are (i) group/cluster halo masses (Mh), (ii) pericenter
distances of orbits (rp), (iii) inclination angles of disks with
respect to the direction of their orbits (θ and φ), and (iv)
galaxy-types (e.g., MW-type). The principal results of the
present numerical simulations are as follows.
(1) Ram pressure of ICM has the following three major
effects on SFHs of disk galaxies in groups and clusters: (i)
temporary and moderate enhancement of SF at pericenter
passage, (ii) significant decline of SFRs after pericenter
passage, (iii) complete truncation of SF (‘SF quenching’)
after pericenter passage. It depends on Mh, rp, and θ (φ)
which of these three effects can be the most dominant
for SFHs of galaxies in groups and clusters. It would be
therefore unrealistic to adopt an assumption that SF of
galaxies in groups and clusters can be uniformly shut
down after pericenter passage in theoretical modeling on
statistical properties of galactic SF and spectrophotometric
properties in groups and clusters.
(2) SF enhancement by ram pressure is more likely
to occur in MW-type disk galaxies, and the degree of SF
enhancement is more significant in the galaxies with lower
inclination angles (e.g., edge-on configurations). However,
such SF enhancement is only temporary (during and shortly
after pericenter passage) and only modest (not like a factor
of ∼ 10 increase in SFRs) in most cases. Less massive disk
galaxies are less likely to show SF enhancement in clusters,
because the entire gas disk can be stripped from less massive
disks by even moderately strong ram pressure. SF enhance-
ment by ram pressure can occur preferentially in the inner
regions of disks, which implies that the inner mass densities
can be slightly increased in disk galaxies under ram pressure.
(3) The dominant role of ram pressure in galactic SFHs
is the significant reduction of overall SF in disk galaxies.
The degree of SF decline depends strongly on group/cluster
masses for a given set of galaxy parameters such that
it can be more remarkable in groups and clusters with
larger Mh. The level of SF decline by ram pressure can be
more remarkable in less massive disk galaxies for a given
group/cluster mass. Galaxies with smaller rp show more
severe SF decline in groups and clusters.
(4) Complete truncation of SF (‘quenching’) can occur
in disk galaxies with different masses after pericenter
passage in high-mass clusters (Mh = 10
15M⊙), as long
as rp is small enough (< rs). In low-mass clusters with
Mh = 10
14M⊙, SF quenching is unlikely to occur in
MW-type disk galaxies owing to weaker ram pressure.
These results imply that although the formation of anemic
spirals is possible in low-mass clusters like the Virgo, the
formation of passive spirals with no ongoing SF is unlikely
in such clusters.
(5) Complete and sudden truncation of SF after
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pericenter passage is more likely to occur in dwarf-like disk
galaxies within groups and clusters. The likely outcome of
this is that the galaxies can show poststarburst (‘E+A’)
spectra characterized by strong Balmer absorption lines
in the entire disks. The possible no/weak radial gradients
of Balmer absorption lines in disky E+As with rotational
kinematics is in striking contrast to the negative radial
gradients observed in E+As formed from major galaxy
merging. Thus, the present study predicts that (i) ram
pressure can be responsible for the formation of disky E+As
observed in clusters and (ii) disky E+As are likely to be
dwarf-like disk galaxies.
(6) Ram pressure stripping of the outer gas disks of
galaxies can significantly reduce the Hα-to-optical-disk-size
ratios (ssf = Rsf/Rs) of the galaxies after pericenter
passage. The level of ssf reduction is likely to be more
remarkable for disk galaxies in more massive clusters. The
ssf reduction also depends on Mh and rp of disk galaxies
for a given group/cluster mass and disk inclination angles
(θ and φ) such that it can be more remarkable for smaller
Mh and smaller rp. Such ssf reduction can be seen for
disk galaxies even in massive groups with Mh = 10
13M⊙
in which intragroup halo gas is warm rather than hot
(TICM ∼ 6× 10
6 K). This result implies that SF regions can
be also truncated (to a lesser degree) in group environment.
Gas stripping by ram pressure can be efficient in groups
and thus responsible for the lack of high H i mass galaxies
observed in some groups (e.g., Kilborn et al. 2009).
(7) The global Hα morphologies corresponding to
2D distributions of SF regions in disk galaxies can be
significantly changed by ram pressure. Disk galaxies under
strong ram pressure can often show characteristic Hα
morphologies, such as ring-like, one-sided, crescent-like,
and highly asymmetric distributions. These results imply
that 2D Hα distributions of disk galaxies can be used for
revealing a physical effect of ram pressure on disk galaxies
in groups and clusters.
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APPENDIX A: RESOLUTION TEST
The present numerical results on the effects of ram pressure
of ICM on the SFHs of disk galaxies could depend on the
number of particles used for representing disk galaxies and
ICM. Also, the sharp boundary of a ICM box could influence
the details of hydrodynamical interaction between ICM and
cold ISM in disk galaxies. Therefore, we here investigate how
the present results depend on (i) the number of particles in a
disk galaxy (Nd), the number of ICM particles in a ICM box
(NICM), and the ICM box size (RICM) by using models with
different Nd, NICM, and RICM. The models in which disks
are under the strong influences of ram pressure are simply
referred to as ram pressure models below.
The VI-I1-MW-IN model (‘inclined’ MW-type disk) is
used for investigating the dependences of the present re-
sults on SF enhancement by ram pressure in disk galaxies
on Nd, because this model clearly shows SF enhancement
after pericenter passage. The VI-I1-MW-FA model (‘face-
on’ MW-type disk) is used for investigating how NICM and
RICM change the hydrodynamical interaction processes be-
tween ICM and ISM and thus the SFRs, because the entire
gas disk can be almost equally influenced by ram pressure
force for this face-on model. The results for the models with
different Nd and with different NICM and RICM are shown
in Figs. 14 and 15, respectively.
Fig. A1 clearly shows that SF can be moderately en-
hanced by ram pressure in the ram pressure models for dif-
ferent Nd. Furthermore, the time evolution of SFRs is quan-
titatively similar between the four different ram pressure
models, though the model with Nd = 5.2 × 10
5 shows a
more strongly enhanced SF after pericenter passage. These
results mean that as long as Nd is larger than ∼ 7 × 10
5,
the present results on SFHs of disk galaxies in ram pressure
models do not depend on Nd.
Fig. A2 shows that the time evolution of SFRs after
pericenter passage is very similar between the models, ex-
cept the low-resolution one with NICM = 20
3. More mas-
sive individual ICM particles in this low-resolution model
(NICM = 20
3) appear to compress more strongly the cold
ISM of the disk and consequently enhance more significantly
the SF. These results mean that the dependences of the
present results on NICM and RICM are rather weak, as long
as NICM > 40
3 and RICM > 5Rs. Thus we consider that the
present results for the models with Nd ∼ 10
6, NICM = 60
3,
and RICM = 6Rs can be regarded as robust.
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Figure A1. The time evolution of SFRs in the MW-type disk galaxies with different total number of particles used for a disk (Nd)
and the same other parameters (VI-I1-MW-IN models): Nd = 2.1 × 10
5 (blue, solid), Nd = 5.2 × 10
5 (red, dotted), Nd = 1.0 × 10
6
(green short-dashed), and Nd = 1.4 × 10
6 (cyan, long-dashed). The time at the pericenter passage is indicated by a black dotted line
and marked with ‘tp’.
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Figure A2. The time evolution of SFRs in the MW-type disk galaxies with different total number of ICM particles (NICM) and the
ICM box size (RICM in units of Rs) and the same other parameters (VI-I1-MW-FA models): NICM = 20
3 and RICM = 6 (blue, solid),
NICM = 40
3 and RICM = 6 (red, dotted), NICM = 40
3 and RICM = 5 (green short-dashed), and Nd = 40
3 and and RICM = 8 (cyan,
long-dashed). The time at the pericenter passage is indicated by a black dotted line and marked with ‘tp’.
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